AbstractWe studied a correlation between the membrane substrate properties and the final performance of hollow fiber thin film composite (TFC) membrane for xylose/glucose concentration and acetic acid removal. Polysulfone (PSf) hollow fiber membrane substrate was fabricated using 20 wt% PSf, 2 wt% polyvinylpyrrolidone and 78 wt% dimethylformamide via dry-wet spinning process. The air gap distance was manipulated from 6 cm to 15 cm during spinning to produce different substrate membrane properties. The molecular weight cut-off (MWCO) and porosity of the membrane substrate increased as the air gap distance increased. Membrane substrate that was spun at 6 cm air gap showed a rapid phase inversion without much chain relaxation, thus producing the smallest MWCO (8 kDa) and an average pore diameter (4.46 nm). The TFC membrane produced using this membrane substrate showed the best performance in terms of solute rejection and separation factor. The rejection for xylose, glucose and acetic acid was 91.66±0.09%, 67.28±13.97%, and 13.08±3.00%, respectively. This results in an ideal separation factor of 3.20±1.27 for acetic acid/glucose and 10.42±0.25 for acetic acid/xylose.
INTRODUCTION
Various types of membrane process have been developed and successfully applied at the industrial stage. Among them, nanofiltration (NF) and reverse osmosis (RO) are found suitable to be used in the biorefinery industry for sugar concentration, sugar separation and detoxification during biomass hydrolysate processing [1, 2] . NF and RO membranes are commonly manufactured through surface modification on the membrane substrate via the interfacial polymerization (IP). An organic monomer is reacted with aqueous monomer in the IP process to form an active skin layer on the membrane substrate. This kind of membrane is called thin film composite (TFC) layer. Compared to the typical asymmetric NF or RO hollow fiber membranes, the selectivity and productivity of the TFC membranes are much better due to the fine adjustment of the membrane active skin structure.
Commercial, or ready-made hollow fiber ultrafiltration membrane, is normally used as a membrane substrate in TFC membrane preparation. Most studies are focusing on the optimization of IP process parameters to enhance the properties and performance of the TFC membrane [3, 4] . However, only few studies have been reported on the correlation between hollow fiber membrane substrate to the final performance of the TFC membranes [5, 6] . The selection of membrane substrate for the fabrication of defect-free and highperformance TFC layer must be taken seriously. The mechanical properties, morphology and performance of the hollow fiber membrane substrate can be optimized through spinning process parameters such as dope extrusion rate, type and flow rate of bore fluid, air gap distance, coagulant condition, spinneret design, and temperature.
The air gap plays a crucial role on the membrane morphology, mechanical strength and separation performance. Several researchers have investigated the relationship between hollow fiber membrane properties with the air gap length [7] [8] [9] . Long air gap can produce small pore size in the inner side of the hollow fiber membrane [10] . Khayet [11] reported that pure water permeation (PWP) flux of the polyvinylidene fluoride hollow fiber membrane had decreased and solute separation had increased when the air gap distance was increased. This is also due to the decrease in the membrane pore size. However, in another study, the pore size of the outer surface of the hollow fiber membrane increased as the air gap increased [12] . Chung et al. [13] observed that the number of defects on the external skin of the hollow fiber membrane increased as the air gap length increased. The tensile strength and the elongation at break of the membrane were affected by these defects. The studies clearly show that air gap distance plays a crucial part on the hollow fiber morphology and performance. In addition, the air gap distance can be easily manipulated during the dry-wet spinning process to prepare different properties of membrane substrates to be used during TFC membrane fabrication.
In the present study, a correlation between the membrane substrate properties and the final performance of the TFC hollow fiber membrane was studied. In developing different PSf hollow fiber membrane substrates, air gap distance was manipulated during the spinning process. IP was performed by using m-phenylenediamine (MPD) and trimesoyl chloride (TMC) monomers on the inner side of the hollow fiber membrane. The main innovative aspect of this work is the fabrication of tailor-made TFC hollow fiber membrane for specific uses in a biorefinery. The effect of the membrane substrate to the final TFC performance has not been fully studied due to the use of the commercial or ready-made membrane substrate. Good membrane substrate is required in order to form a defect-free skin layer in the TFC membrane and to provide adequate mechanical strength during the filtration process. Hence, it is crucial to select the best membrane substrate to produce high performance TFC hollow fiber membrane for xylose/glucose concentration and acetic acid removal during biomass processing.
METHODS

Materials
Polysulfone (PSf, Udel P-3500) supplied by Solvay was used as polymer, polyvinylpyrrolidone (PVP K30) supplied by SigmaAldrich was used as the additive, and dimethylformamide (DMF) supplied by Merck was used as the solvent. n-Hexane purchased from Fisher Scientific, TMC purchased from Sigma-Aldrich and MPD purchased from Merck were used in the IP process. A performance test of the TFC membranes was conducted using xylose (Sigma-Aldrich), glucose (Sigma-Aldrich) and acetic acid (Fisher Scientific). In the molecular weight cut-off (MWCO) experiment, polyethylene glycol (PEG) with molecular weights of 1 kDa, 3 kDa, 10 kDa, 20 kDa, 35 kDa; and polyethyleneoxide (PEO) with a molecular weight of 100 kDa purchased from Merck were used. Pure water from Millipore Elix® 5 UV Water Purification System was used for the PWP measurement of the membranes.
Hollow Fiber Membrane Substrate Preparation
A dope solution with a mass ratio of 20% PSf/2% PVP K30/78% DMF was prepared [14] . The hollow fiber membrane was fabricated through dry-wet spinning process by using water at room temperature as the bore fluid and external coagulant. The inside and outside diameter of the spinneret was 2.0 mm and 2.6 mm, respectively. The dope and bore fluid flowrate was 18 mL/min and 150 mL/min, respectively. The air gap was varied at 6, 9, 12, and 15 cm, while other parameters were kept constant. The take-up speed was adjusted accordingly based on the air gap used to avoid fiber breakage during spinning. The hollow fiber membranes were kept in water for 72 hours at room temperature to remove the residual solvent. The fibers were then immersed in aqueous glycerol solution (10 wt%) for 24 hours and dried at room temperature for 7 days. For hollow fiber membrane module construction, the method proposed by Li et al. [15] was used. Five fibers with 30 cm long were selected and used in the module.
Interfacial Polymerization
The IP condition was adapted from the established method by Maurya et al. [14] . Before performing IP, the glycerol in the membranes pores was flushed with pure water for 30 minutes. 2.0 wt% of MPD was flowed to the lumen side of the fiber for 40 seconds, followed by nitrogen purging to remove excess monomer. To form a thin film, 0.1 wt% of TMC in hexane solution was then reacted for 40 seconds. The TFC membranes were cured in an oven at 60 o C for 3 minutes.
Cross-flow Filtration
The water flux, J w (L/m 2 ·h) of the membranes was measured in cross-flow system using three different pressures of 1, 2 and 3 bar. Eq. (1) was used to compute the water flux. The value of slope in the plot of water flux versus pressure is corresponding to the PWP value.
(1)
where V, A and t are denoted as volume of permeate collected (L), effective membrane surface area (m 2 ) and sampling time of permeate (h), respectively.
Single feed solution of glucose, xylose, and acetic acid was used in the membrane performance test. Three liters of feed solution with 10 g/L concentration was used in each experiment. The cross-flow was conducted at 3 bar by circulating retentate stream back to the feed tank for 1 hour. The permeate flux was then measured using Eq. (1); the solute concentration in the permeate was analyzed; the rejection and separation factors were calculated using Eq. (2) and Eq. (3), respectively [2] . (2) (3) where R, C p , C f , s1, s2, and X s1/s2 are the rejection of solute (%), solute concentration in permeate, solute concentration in feed solutions, solute 1, solute 2, and separation factor of solute 1 to solute 2, respectively.
Sample Analysis
Xylose and glucose concentration were analyzed using 3,5-dinitrosalicylic acid (DNS) method [16] . The acetic acid concentration was determined using HPLC column (Phenomenex Synergi 4U Hydro-RP 80A) with UV detection at wavelength of 211 nm as described previously [17] .
Molecular Weight Cut-off (MWCO)
MWCO of the membrane was computed based on the PEG rejection data. The rejection was determined by running the crossflow filtration using mixed PEG solutions (PEG 1 kDa to PEG 35 kDa) and single PEO 100 kDa. Eq. (2) was used to calculate the rejection value. The concentration of the PEG 1 kDa to PEG 35 kDa samples was analyzed using GFC column (Phenomenex PolySep-GFC-P4000; 300×7.8 mm). Meanwhile, the concentrations of the PEO 100 kDa samples were analyzed using the calorimetric method by measuring the absorbance at wavelength of 535 nm using UV-Vis spectrophotometer. The calorimetric reagent was prepared according to Yusoff et al. [18] . MWCO value was determined based on 90% solute rejection in the plot of rejection versus PEG/PEO molecular weight.
Porosity and Pore Size Calculation
The porosity of the membrane was determined based of the void fraction of the wet membrane after drying process as described previously [17] . The mean pore radius (r m ) of the membrane was calculated using Guerout-Elford-Ferry equation (Eq. (4)) based on porosity and pure water flux data at 3 bar.
where,  is viscosity of the water (8.9×10
4 Pa s), Q is water flow rate (m 3 /s) and P is operating pressure (Pa).
RESULTS AND DISCUSSION
Molecular Weight Cut-off
The MWCO of the membrane substrate prepared at different air gap is demonstrated in Fig. 1 . The MWCO was calculated based on 90% solute rejection. The MWCO of the membrane substrate increased as the air gap increased. The membrane substrates MWCO were 8 kDa, 24 kDa, 56 kDa, and 86 kDa for the membrane spun at 6-cm, 9-cm, 12-cm, and 15-cm air gap, respectively. The water vapor from the air acted as non-solvent additives to the dope solution. The amount of the water vapor penetrated into the polymer dope increased when the air gap increased, thus producing more porous structure. Apart from that, the stretch of fiber in the flow of spinning direction was increased at high air gap, which made the fiber thinner and produced large pores. Fig. 2 shows the cross-section and surface morphology of hollow fibers membrane substrate prepared at air gap lengths of 6 cm to 15 cm. It was proven that the air gap length greatly affected the structure of the hollow fiber membranes. As shown in Fig. 2 , all spun fibers have needle-like pores underneath the inner and outer skin of the hollow fiber membranes. The inner finger-like macro- surface being immediately in contact with the bore fluid once the dope polymer left the spinneret [19] . The macrovoid structure changed from finger-like to the sponge-like structure as the air gap increased. Similar trends of membrane morphology were observed by Said et al. [12] .
Membrane Morphology
As the air gap increased, the contact time of the spun fiber with the bore fluid enhanced, thus increasing the inner macrovoid size [7] . Meanwhile, the sponge structure near the outer layer became looser with the increase of the air gap, which was coherent with the findings from Tang et al. [9] . The surface of the inner and outer membrane was smooth and dense without any visible pores under a magnification of 10,000×.
The effects of air gap distance on the diameter and wall thickness of the hollow fiber membrane are presented in Table 1 . Both the inner and outer diameters of the membrane substrate diameters had decreased as the air gap length increased from 6 cm to 15 cm. Consequently, the wall thickness of the membrane was also reduced from 0.23 mm to 0.20 mm. The significant decrease in OD, ID and wall thickness of the membranes is due to the elongation of hollow fiber triggered by the gravity while traveling through the air gap. The fiber was stretched and became thinner, as reported previously by Korminouri et al. [7] . Fig. 3 shows the inner surface of the TFC membrane after the IP process. The inner surface of the membranes changed from a smooth surface, previously shown in the membrane substrate to the "leaf-like" folds surface. This indicated that a new, thin film was successfully formed on the membrane substrate after the IP. The ridge-and-valley structure is the typical morphology found in the MPD/TMC polyamide TFC membranes. The membrane substrate properties and polarity are the main caused for the morphology variation in the TFC membrane as shown in Fig. 3 because the IP condition remained constant in all of the membranes. The rate and extent of polymerization was controlled by the amount of MPD reaching to the reaction zone, and the extent to which the polyamide film formed in the pores [20] . The MPD aqueous solution would diffuse easily in the large pores compared to small pores. Fast penetration of the monomer solutions would lead to the thinning of the polyamide layers and high degree of defect on the top of the PSf membrane substrates [21] . Thus, the thickness and morphology of the polyamide active film formed on the membrane substrate would vary, depending on the pore size of the membrane substrate. July, 2019
Porosity and Pore Size
The porosity and average pore size of the membrane substrate and TFC membranes are compiled in Table 2 . The porosity of the membrane substrate increased as the air gap length increased from 6 cm to 12 cm; the membrane substrate spun at 6-cm air gap had the lowest porosity. This can be correlated with the membrane structure that had small and compact needle-like pores underneath the skin layer and less-occupied macrovoids at the middle structure, as seen in the cross-section of the membrane shown previously in Fig. 2 . Meanwhile, the porosity of the TFC membrane after the IP did not change significantly compared to the membrane substrate' s. The polyamide active layer formed after the IP was very thin and unable to penetrate across the whole membrane structure. As the porosity value is measured based on the portion of total void inside the membrane structure, it will not affect the overall porosity of the TFC membrane significantly.
In contrast to the porosity, the average pore size diameter of the membrane substrates increased with the increment of air gap lengths. At short air gap distance, rapid phase inversion without much chain relaxation had occurred, which resulted in small pore size membranes. Membrane substrates spun at the shortest air gap distance of 6 cm had the smallest mean pore diameter of 4.46±0.56 nm. As the air gap distance increased, die swell relaxation occurred. The stretch stress on the nascent membrane under the gravity produced numerous and larger pores, thus increasing the mean pore size [9] . As a result, the membrane substrate spun at 12 cm and 15 cm showed almost double the pore size diameter when compared to the 6-cm air gap. The average pore size of the TFC membranes was reduced drastically after the IP process. This reduction is due to the formation of active polyamide skin layer on the membrane substrates.
Filtration Performance
PWP of membrane substrate and TFC membranes are shown in Fig. 4 . As the air gap increased from 6 cm to 15 cm, the PWP of the membrane substrate increased from 12.79±2.97 to 85.30± 11.61 L/m 2 ·h·bar. This trend is correlated with the increase of the pore size of the membrane and MWCO, as the air gap increased, as discussed previously. The PWP for all PSf membrane substrates are within the UF membrane range, which is between 10 to 1,000 L/m 2 ·h·bar [22] . After IP, the PWP for all TFC membranes was reduced drastically, reaching the NF/RO range. This indicates that an active film layer was successfully formed at the lumen side of the hollow fiber after the IP. The PWP of the TFC membranes was in the range of 0.19±0.07 to 7.53±1.45 L/m 2 ·h·bar. Table 3 During biomass processing in a biorefinery, sugars (mostly glucose and xylose) and other impurities such as acetic acid, furfural and hydroxymethyl furfural (HMF) are released after the hydrolysis process [23] . These sugars can be further concentrated or frac- tionated to its individual component for converting to the specific product. Acetic acid that exists in the biomass hydrolysate needs to be removed because it can inhibit the microorganism growth during the sugar fermentation process later [24] . The TFC membrane solute rejection and separation factor are shown in Fig. 5 and Fig. 6 , respectively. The properties of the TFC membranes are related directly to the properties of the membrane substrate because the IP process condition remain constant during membrane manufacturing. The TFC membrane having the substrate spun at 6 cm air gap exhibited a high solute rejection of 91.66±0.09% for xylose, 67.28±13.97 % for glucose, and 13.08±3.00% for acetic acid, which corresponds to the ideal separation factor of 3.20±1.27 for acetic acid/glucose and 10.42±0.25 for acetic acid/xylose. Meanwhile, the membrane having the substrate spun with the highest air gap of 15 cm exhibited the lowest solute rejection of 7.39±0.27% for xylose, 2.84±1.51% for glucose, and 1.37±0.72% for acetic acid, which resulted in the ideal separation factor of 1.01±0.01 for acetic acid/ glucose and 1.07±0.01 for acetic acid/xylose. Thicker and denser active layer was developed on the substrate surface with 6 cm air gap due to limit dispersion of polyamide into the small pores of the PSf substrate membrane. Ang et al. [25] observed a similar trend during the preparation of piperazine-based polyamide TFC NF membrane using PSf supports. On the other hand, in case of using membrane substrate spun at 15 cm air gap, the monomer solution can easily penetrate into the bigger pores, producing thin and less dense polyamide layers TFC membrane. Thin polyamide layers have higher chances of defect compared to the thick layer, which can lower the flux and solute rejection efficiency [26] .
All the TFC hollow fiber membranes prepared in this study can be classified as NF and RO membranes based on their PWP values. The possible separation mechanism of the NF/RO TFC membrane could be attributed to the combination of the solution-diffusion, size exclusion, or Donnan effect transport mechanism [2] . For xylose and glucose, which are uncharged molecules, the solution-diffusion mechanism and size exclusion are the dominating transport mechanisms. It can be observed that the rejection of the uncharged solute correlates with the membrane pore size. The rejection of xylose was 91.66±0.09% and 7.39±0.27% at the pore size of 0.09 and 2.62 nm, respectively. As for acetic acid, which is a charged molecule, the filtration mechanism could be affected by the Donnan effect. The polyamide TFC hollow fiber is a negatively-charged membrane that is able to repel the acetic acid molecule, thereby increasing the acetic acid retention. However, in this study, the pH of the feed acetic acid was maintained at 2.71, which is below the acetic acid dissociation constant (pKa 4.756). Thus, the acetic acid molecules were in neutral form [2] and not significantly affected by the Donnan mechanism. The rejection of acetic acid still correlates with the membrane pore size as shown in Fig.  5 , which means the separation is governed by solution-diffusion mechanism and size exclusion.
The separation factor of the TFC hollow fiber membrane prepared in this study was in the range of 0.31-1.07, 1.01-5.23 and 1.07-10.42 for xylose/glucose, acetic acid/glucose and acetic acid/ xylose, respectively. The highest separation factor was observed in the separation of acetic acid from xylose. The separation factor was comparable to the commercial Desal-5 DK [27] and PA 400 Permeonics [28] membranes with the separation factor of 5.4 and 3.1, respectively. However, this value is extremely low compared to the Alfa Laval RO98pHt membrane which had an acetic acid/xylose separation factor of over 220 [2] . Nevertheless, further optimization on the filtration operating parameters could be done to improve the separation factor of the TFC hollow fiber membrane. Previously, Weng et al. [29] managed to increase the separation factor of Desal-5 DK membrane from 5. 4 [27] to the 52 [29] by manipulating pH, temperature and pressure during the filtration process.
CONCLUSION
The membrane substrate MWCO can be easily manipulated by adjusting the air gap distance during the spinning process. Short air gap produces small MWCO membrane substrate compared to that of utilizing long air gap distance. The membrane substrate properties notably affect the overall performance of the TFC membrane. The best performance of the TFC membrane for the sepa- 
